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Introduction
decreases as a result of the plant's adaptation to the low N demand, regulated by an N feedback mechanism,
In field experiments on fertile soil, grassland legumes and (ii) the decrease in the photosynthetic capacity of respond much more strongly to elevated atmospheric the leaves does not limit N 2 fixation. Severe P defipartial pressure of carbon dioxide ( p CO 2 ) than grasses ciency prevented nodulation or stopped nodule growth (Hebeisen et al., 1997; Lü scher et al., 1998) . The specific when the P deficiency occurred after the plants had advantage of the response of legumes to p CO 2 is the result formed nodules. At low P, the proportion of wholeof symbiotic fixation of di-nitrogen (N 2 ) ( Zanetti et al., plant-N derived from symbiotic N 2 fixation decreased, 1996 , 1997 Lü scher et al., 2000) , while the response of whereas specific N 2 fixation increased and compensgrasses to elevated p CO 2 was limited by N (Fischer et al., ated partially for poor nodulation. Leaf photosynthesis 1997; Zanetti et al., 1997; Rogers et al., 1998 ; Daepp was reduced under P deficiency due to low V c, max and et al., 2000) . However, under unfavourable environmental J max . Poor growth or poor performance of the nodules conditions (e.g. low P or K ), legumes may lose the distinct was not due to C limitation, because (i) the improved advantage of an unlimited source of symbiotic N (Hartwig photosynthetic performance at elevated p CO 2 had no et al., 1996; Lü scher et al., 1996 Lü scher et al., , 1998 . Indeed, when P effect on the growth and functioning of the nodules, is very deficient, legumes no longer respond to elevated (ii) starch accumulated in the leaves, particularly under p CO 2 by increasing biomass (Stö cklin et al., 1998 ; Almeida elevated p CO 2 , and (iii) the concentration of WSC in the et al., 1999) , and fixation of symbiotic N 2 is greatly nodules was highest under P deficiency. Under severe reduced (Cadisch et al., 1989 (Cadisch et al., , 1993 . As a result, two P deficiency, the concentrations of whole-plant-N and crucial questions arise: (1) When P is deficient, do legumes leaf-N were the highest, indicating that the assimilasuch as white clover (Trifolium repens L.) no longer tion of N exceeded the amount of N required by the respond to elevated p CO 2 because symbiotic N 2 fixation is plant for growth. This was clearly demonstrated by a severely hindered? (2) How is the effect of low P availabilstrong increase in asparagine concentrations in the ity on N 2 fixation regulated? roots and nodules under low P supply. This indicates It is well known that the rate of N 2 fixation in plants that nodulation and the proportion of N derived from deficient in P is reduced. This is usually explained by an symbiotic N 2 fixation are down-regulated by an N feedback mechanism.
effect of low P supply on the growth of the host plant, on the growth and functioning of the nodule, or on the of hypotheses was tested by growing white clover in a controlled environment. A wide range of P supply levels growth of both the plant and the nodule (Robson et al., 1981; Jakobsen, 1985; Israel, 1987 Israel, , 1993 Sa and Israel, were combined with two atmospheric CO 2 partial pressures ( p CO 2 ) to achieve a large variation in the C source 1991). However, some of these experiments were conducted under field conditions, or the plants were grown and in the requirement of N for growth in order to assess their involvement in controlling N 2 fixation. The asparagin soil in pots. Therefore, the effect ascribed to the addition of mineral P on N 2 fixation may actually be due ine concentration in the roots was measured as an indicator of the concentration of free asparagine in the vascular to the interactive effects of P and N in the soil; i.e. P fertilization would stimulate the growth of soil organisms tissue in order to evaluate a possible N feedback regulation of symbiotic N 2 fixation (Hartwig, 1998) . To avoid or non-leguminous plants which, in turn, would compete for soil mineral N and thus, indirectly, lead to increased interactions between P supply and soil nutrients, quartz sand was used as the substrate together with a nutrient symbiotic N 2 fixation in legumes (Hartwig, 1998) . Moreover, in all these experiments, N 2 fixation was solution with a low concentration of 15N-enriched N. assessed indirectly by estimating the short-term nitrogenase activity (acetylene reducing assays), which is a
Materials and methods
non-integral method.
Early studies suggested that low P reduces shoot growth
In the main experiment with nodulated plants the following key factors were measured: photosynthesis, C and N partitioning, and, as a consequence, that the lower rate of photosyn-N derived from symbiosis, and plant and nodule growth. In the thesis limits the supply of C to the nodules (Jakobsen, nodulation experiment, the interactive effect of sub-optimal P 1985), thereby decreasing N 2 reduction (Israel, 1987, concentrations and p CO 2 on the establishment of nodules was 1993; Sa and Israel, 1991, 1998) . The N 2 reduction process investigated.
requires about 2.9 mg C mg−1 fixed N; this demand can Plant material and growth conditions account for up to 32% of the current photosynthetic rate
The main experiment with nodulated plants has been described (Minchin and Pate, 1973; Warembourg and Roumet, in full previously (Almeida et al., 1999 et al., 1993; Hartwig et al., 1994 ; Neo and of about 0.5 mM is optimal under similar growth conditions at Layzell, 1997; Hartwig, 1998 decreased by a separate mechanism that balances the reduced C demand due to P-limited plant growth, but
Plant sampling
would not directly control nodule growth and functioning.
Plants were harvested at 25 and 55 DAP in the main experiment Thus, (3) the biomass of P-deficient white clover plants with nodulated plants and at 0, 22 and 44 DAP in the would no longer respond to elevated p CO 2 , not because N nodulation experiment; they were separated into root and shoot supply limits growth as a result of C-limited N 2 fixation, fractions at each harvest (Almeida et al., 1999) . The samples of the first plant harvested from each pot were frozen but primarily because P directly limits growth. This chain N 2 fixation at P deficiency 1291
immediately on dry ice and stored at −20°C until lyophilization. After lyophilization, nodules were separated from roots and cleaned under a dissection microscope. The samples were then used for analysing non-structural carbohydrates and for determining total P and N content. The samples of the second plant harvested from the same pots were oven-dried at 65°C for 48 h, weighed, and pooled for analysis of whole plant contents of N, 15N, and P.
Chemical analyses
Water-soluble carbohydrate ( WSC ), starch, and total P contents were determined as described previously (Almeida et al., 1999) . Total N and 15N were determined from 1 mg ground plant material using a continuous-flow mass spectrometer (Europa Scientific, Cambridge, UK ). The concentrations of N in leaves, roots, and nodules were calculated on the basis of the dry mass corrected for starch content. Asparagine concentrations in freeze-dried, ground material were determined using a standard enzymatic assay (Boehringer, Mannheim, Germany). The relative contribution of symbiotically fixed N to total plant N (%N sym ) was determined using the 15N-isotope-dilution method and increased further with increasing P concentration.
limiting ribulose-1,5-biphosphate (V c,max ) and the apparent potential rate of electron transport at light saturation (J max ) Atmospheric p CO 2 had no effect on nodule mass ( (Farquhar and von Caemmerer, 1982) as described by than on total plant mass ( Fig. 1A) , the mass ratio Kirschbaum and Farquhar ( Kirschbaum and Farquhar, 1984) .
(nodule/total plant) strongly increased with increasing P Stomatal limitation of photosynthesis (l ) was calculated using A recorded at the growing p CO 2 regime (C a ) and the photosynconcentration, independent of p CO 2 (data not shown).
In the nodulation experiment, a very low concentration and Drake, 1992) .
of P in the nutrient solution (0.0027 mM P) from the beginning of growth prevented nodulation at both eleStatistical data analysis vated and ambient p CO 2 , while nodulation occurred at Statistical analyses were carried out using the ANOVA proced-0.075 mM P ( Results increasing P in the nutrient solution, but was not affected Nodule mass and plant growth by p CO 2 ( Fig. 1C ). Specific N 2 fixation (N from symbiosis/ nodule mass) decreased with increasing P concentration In the main experiment, low P concentration in the nutrient solution strongly reduced the growth of white but was not affected by p CO 2 (Fig. 1D ). Total N per plant at 55 DAP increased with increasing clover plants (Fig. 1A) . The effect of elevated p CO 2 on total plant mass depended on the P concentration of the P in the nutrient solution ( Fig. 2A) . Reducing the P concentration to 0.0027 mM for 30 d impaired N assimilanutrient solution; at low P no increase in plant mass occurred, whereas at the highest P concentration plant tion to a much lesser extent (N content at 25 DAP versus 55 DAP) than it did plant growth ( Fig. 1A) . As a result, mass increased by 30%. When plants had developed starch and WSC in the roots were not affected by p CO 2 or by P concentration (Fig. 3A, C ) . The concentration Values are re-transformed means; when referenced with the same letter, no significant differences at P<0.05.
of starch in the nodules was lower and the concentration of WSC higher at the lowest P concentration than at higher P concentrations (Fig. 3B, D) .
Asparagine concentration in roots and nodules
Compared to an ample P concentration in the nutrient solution, plants grown under severe P deficiency showed a 7-fold increase in the concentration of asparagine in the roots; this response was not affected by atmospheric p CO 2 ( Table 4 ). There was a higher asparagine concentration in the nodules than in the roots. Plants at severe P deficiency showed a 2.5-fold increase in the concentration of asparagine in the nodules (determined only at elevated p CO 2 due to insufficient sample material, Table 4 ).
Discussion
Growth of white clover and its response to elevated p CO 2 was not limited by N assimilation under P deficiency (Fig. 2B ) and the N/P mass ratio ( Fig. 4) main experiment) at four concentrations of P in the nutrient solution were highest under severe P deficiency. This clearly sug-(0.0027, 0.075, 0.67, and 2 mM ) and at two atmospheric p CO 2 . n=4; bar=standard error of mean.
gests that plant growth and growth response to elevated p CO 2 were not limited by N assimilation under P deficiency. the concentration of N in the whole plant (not shown)
The same conclusion for plant growth at ambient p CO 2 and in starch-free leaf dry mass at 55 DAP was highest has been reached by other authors (Robson et al., 1981 ; at 0.0027 mM P and decreased with increasing P concen- Jakobsen, 1985; Israel, 1987) . In this experiment, the tration ( Fig. 2B) . At 0.67 mM P, the concentration of higher concentration of N in the lowest P treatment was leaf N was lower under elevated p CO 2 than under ambient not a developmental effect linked to the smaller plants p CO 2 . The concentration of N in the roots was affected ( Farrar and Williams, 1991) . This is evident from the neither by P concentration nor by p CO 2 (Fig. 2C ) . The fact that, at the lowest P supply, the concentration of N concentration of N in the nodules was lower at a concenat 55 DAP was higher than that of the younger and tration of 0.0027 mM P in the nutrient solution than at smaller plants harvested at 25 DAP. Under severe P the other P concentrations, especially at ambient p CO 2 deficiency, N assimilation from the mineral and symbiotic (Fig. 2D) .
sources obviously exceeded the amount of N required for plant growth during the experimental period in both Photosynthesis and carbohydrate partitioning p CO 2 treatments; it was the capacity of the plant to use the total assimilated N that was limited. This is strongly Increasing the concentration of P in the nutrient solution enhanced leaf photosynthesis by increasing V c,max and supported by the N/P ratio in the plants ( Fig. 4) , indicat-N 2 fixation at P deficiency 1293 ing that the plants in the 0.075 mM P treatment were slightly limited, whereas those in the 0.0027 mM P treat- , 1999) . Therefore, the fact that P limited plant n=4; bar=standard error of mean.
growth and the plant's response to elevated p CO 2 ( Fig.  1A ; Almeida et al., 1999) was not due to a limiting effect of low P on the assimilation of N.
in the leaves increased with decreasing P supply. Indeed, P-deficient tobacco does not show lower levels of protein Supply of photoassimilates did not limit growth and or lower concentrations of Rubisco (Paul and Stitt, 1993) .
functioning of nodules
The mechanisms that reduce V c,max are unclear, because low P limits growth directly and the expression of photoThe decrease in the rates of leaf photosynthesis with decreasing P supply (Almeida et al., 1999 ) was due to a synthetic genes usually responds to N nutrition (Paul and Stitt, 1993) . decrease in the Rubisco activity (decline of V c,max ) and a simultaneous reduction in the regeneration of RubP
The lower V c,max under elevated p CO 2 at medium P supply suggests an adaptive response of the photosyn-(decline of J max ) (Brooks, 1986; Rao, 1997) . The lower V c,max may have been due to a decrease in the activation thetic apparatus to elevated p CO 2 . The balance between the C source and the C sink was probably maintained state of Rubisco rather than to a decrease in the total concentration of Rubisco, since the concentration of N even when N was allocated for other processes (Stitt, to the initial value ( Fig. 3, at 25 DAP) . Hence, poor
growth or performance of the nodules in our experiment did not appear to be due to a limited supply of C. absolute response of nodulation to P deficiency has been reported. In nodulated plants subjected to severe P defiand: Not determined (due to insufficient sample material ).
ciency, the further growth of already established nodules apparently stopped (Fig. 1B) . The extent of this effect compared to that reported in other studies might be due to the very low concentration of P that it was found possible to maintain since pure silica sand was used. In experiments with soil, an uncontrolled supply of P from the soil probably affects test results. Similarly, other environmental stresses appear to prevent nodulation: K deficiency (Sangakkara et al., 1996a, b) , high temperatures (Purwantari et al., 1995; Sangakkara et al., 1996b) , and high salt concentration (Banet et al., 1996) . Under P deficiency, nodulation and nodule growth were inhibited to a greater extent than plant growth; this sustain growth. However, under severe P deficiency, the concentration of P in the nodule is generally much higher than in the host plant (Jakobsen, 1985; Israel, 1987 Israel, , 1993 1991; Long and Drake, 1992) , as suggested by the con- Sa and Israel, 1991; Drevon and Hartwig, 1997) , and comitant decrease in the starch-corrected concentration nodules appear to take up P directly from the nutrient of N in the leaves under elevated p CO 2 . It is likely that solution (Al-Niemi et al., 1998) . This may explain why a the reduction in V c,max , observed at the lower P concentrarelatively high concentration of P is maintained in the tion in the nutrient solution or under elevated p CO 2 , was nodule. Thus, it is unlikely that the concentration of P in due to a C sink limitation (Rao, 1997) , as suggested by the nodules directly limits nodule growth and functioning. the high starch contents in the leaves and the lower In fact, specific N 2 fixation increased strongly under P growth rate of the plants. This interpretation is further deficiency ( Fig. 1D) , indicating that the nodule continued supported by the fact that photosynthesis in these leaves to function even when P supply was very low. was stimulated by CO 2 only in the morning (Almeida Even though the nodules did not grow under severe P et al., 1999) . This increased photosynthetic performance deficiency, approximately 30% of the total N assimilated at elevated p CO 2 , however, had no effect on the growth by these plants was due to symbiotic N 2 fixation ( Fig.  and functioning of the nodules. 1C ). Specific N 2 fixation increased (Fig. 1D) , consistent Assuming that the root buffers the supply of water with the increased apparent O 2 permeability of the nodule soluble carbohydrate ( WSC ) to nodules, the higher conunder P deficiency (Ribet and Drevon, 1995a, b ; Drevon centration of WSC in the roots than in the nodules and Hartwig, 1997). Similar increases in specific N 2 suggests that a large source of WSC is available for the fixation under conditions that hindered the development nodules in all treatments. Furthermore, when the concenof nodules to a greater extent than plant growth are tration of P was low in the nutrient solution, the concenfound in white clover under high mineral N supply tration of WSC in the nodules was highest compared ( Zanetti et al., 1998) and in faba bean and common bean with the other P treatments ( Fig. 3D ), indicating that Pdeficient nodules were the weakest sink for WSC. With under K deficiency (Sangakkara et al., 1996a) .
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Nodulation and N 2 fixation are regulated by an N feedback increased organic N compounds in the vascular tissues, is induced, which down-regulates or even prevents nodulamechanism induced by low P tion and nodule growth, thus leading to a decrease in the The proportion of N derived from symbiosis (%N sym ) %N sym even if the specific N 2 fixation rate of the nodules decreased as the N/P mass ratio in the plant increased is increased. due to the reduced P concentration in the nutrient solution (Fig. 4) , suggesting that the plant's N demand had decreased. Indeed, as the concentration of P in the demand for N by the plant at P deficiency. However, laboratory facilities, R Sangakkara for helpful discussions and when the requirement for N was low due to cutting for his critical reading of the manuscript, B Fischer for the (Seresinhe et al., 1994) plant N concentration (Fig. 2B, C ) and the fast senescence 221-237. of leaves (Almeida et al., 1999) would result in high Lolium perenne swards to free air CO 2 enrichment increased over six years in a high N input system on fertile soil. Global It is reported here for the first time that there is an Change Biology (in press).
increase in the asparagine concentration and a concomit- CAB 1990 CAB , 1993 Imsande and Touraine, 1994; Marschner International, 1-30. et al., 1996; Jeschke et al., 1996 Jeschke et al., , 1997 
